Colour vision is required in medical and dental practices. This article seeks to present the impact of colour vision deficiency (CVD) on medical, dental education and practices using narrative review of literature. Relevant English publications, comprising of experimental and observational studies, topic and systemic reviews, meta-analyses and randomised controlled trials, were searched and identified from PubMed, National University of Singapore (NUS) database, Cochrane electronic databases and Proceedings of the thirteenth Symposium of the International Research Group on CVD. "Google" and "Google Scholar" were used to search for paramedical literature. Seventy articles were retrieved, of which 38 were included in this review. It shows that CVD affects broad spectrum of medical, dental education and practices, and varies in its impact. Detecting colour cues in clinical practice constitutes one of the many complex processes in establishing the clinical diagnoses, thus the deficiency alone may not handicap the clinicians. Nonetheless, early colour vision screening for medical and dental students, and practitioners would result in early recognition of their limitations and allow time for devising coping strategies.
INTRODUCTION
Colour is commonly used as a descriptive and diagnostic sign in clinical practice. The use of colour is prevalent in multiple clinical disciplines such as histology, pathology, biochemistry 1 . Colour is also being used in clinical investigations, such as those involving colour doppler studies and coding purposes 1 . Colour vision is perceived through three types of cones in the retina which are sensitive to red, green and blue colours respectively. Colour vision deficiency (CVD) is the result of an abnormality in one or more cone pigments. Anomalous trichromacy occurs when there is reduced sensitivity in one cone pigment -protanomaly involves reduced sensitivity to red, deuteranomaly involves reduced sensitivity to green and tritanomaly involves reduced sensitivity to blue. Dichromacy occurs when one cone pigment is completely non-functioning.
Studies have shown that physicians with CVD face various difficulties in clinical practice 2, 3 . This begs the question: is CVD a handicap for medical professionals? The World Health Organization (WHO) has defined handicap as "a disadvantage for a given individual resulting from an impairment or a disability, that limits or prevents the fulfillment of a role that is normal (depending on age, sex and social and cultural factors) for that individual". This results in failure or inability to live up to expectations in the individual's given environment 4 .
This review article seeks to present findings from studies on the impact of CVD on the medical and dentistry education, and respective practices, and address the issue of CVD as a handicap. This would allow affected professionals to be aware of their limitations and to overcome these with appropriate coping strategies, so as to become safe and competent clinicians and dentists
METHODS

Data sources
Studies were identified by searching the following electronic databases and reference lists of articles found: PubMed database, National University of Singapore (NUS) database and Cochrane database of systematic reviews. Search terms included Proceedings of Singapore Healthcare  Volume 23  Number 2  2014 'colour vision deficiency' , 'colour vision impairment' , 'medicine' , 'clinical work' , 'health care' , 'doctors' , 'dentistry' , 'specialists' , 'general practitioners' , 'medical students' , 'screening' , and 'handicap' . The last search was run on 24 May 2013. Books that were not available electronically were hand searched for relevant studies. We also used the proceedings of the 11th and 13th Symposiums of the International Research Group on Colour Vision Deficiencies, held in Sydney (1991) and France (1995) respectively. Paramedical literature was included through online searches on the World Wide Web, using search engines such as Google and Google Scholar. All literature found was added to EndNote X6 digital library.
Study selection
Inclusion criteria were articles published in English language and comprised of experimental studies, observational surveys, topical and systemic reviews, meta-analyses and randomised controlled trials. No restriction was imposed on the year of the publication date, with data retrieved as far back as 1930. The exclusion criteria were non-English articles, non-human studies and the impact of CVD on allied health. Eligibility assessment was performed by two unblinded reviewers. Disagreements between reviewers were resolved by consensus.
The literature search on electronic databases provided a total of 70 citations. An additional six records were identified through hand searches, reference lists and search engines on the World Wide Web. After adjusting for duplicates, 68 remained. Of these, 23 were excluded as they were not within the scope of the review, the full text was not available or not translated into English. The full texts of the remaining 45 citations were examined in detail. It appeared that seven did not meet the inclusion criteria as they were not relevant to the topics of discussion. Eventually, 38 records met the inclusion criteria and were included in the review. Out of these 38, 33 were identified via electronic databases while five were identified from alternative sources as mentioned earlier. The process of selection of publications is summarised in Fig. 1 
Data extraction
Each article was evaluated using the PICOS framework (population, interventions, comparator, outcome and study design).
Limitations
No review protocol was used hence there may be bias incurred in review methods in the post hoc decisions. Publication bias and outcome reporting bias have been well documented and may overestimate the effects of CVD in the included studies 5, 6 .
RESULTS
Prevalence of CVD
Colour vision deficiency, although not rare, remains a problem most of the time 7 . Unfortunately, many doctors are unaware of the severity of their CVD and tend to assume their deficiencies to be inconsequential 2 . The prevalence of congenital CVD in the general population is 8% for men and 0.4% for women 8 . Table 1 shows the prevalence of CVD in the medical and dental professions from various studies [9] [10] [11] [12] [13] . Evidence suggests that the prevalence of CVD in the medical profession is similar to that of the general population. Therefore, with 10,225 registered doctors and 1,645 registered dentists in Singapore as of 2012, this translates to an estimated 818 doctors and 132 dentists with CVD 14 .
Awareness of CVD amongst medical professionals
People with CVD are often unaware of their deficiency. Cole and Steward found that 5% of dichromats and 25% of anomalous trichomats were oblivious to their condition 15 . This often results in the misconception that they have little need for advice or assistance 16 . This lack of awareness may be attributed to the effective use of cues, to guess the colour of objects around them. For example, brightness indicates red colour, the texture of grass indicates green and the shape of a banana indicates yellow 8 .
Pre-vocational screening for CVD and its severity are practiced for a number of occupations such as the police force and transport industries, where certain standards of color vision are required. However, this is not standard practice in the medical community, with the exception of Taiwanese medical schools 8 . In Spalding's study of 24 doctors with severe deficiencies, 19 did not know their diagnosis 2 .
In their study of 30 histopathologists, Rigby et al diagnosed a histopathologist with CVD who was unaware of his deficiency 17 .
Effect of CVD on medical education
Microscopy and histology, clinical examination and teaching methods were the most common areas of difficulty identified by medical students 2,18,19 .
Spalding conducted a qualitative study on 23 doctors who recounted their experiences as medical students 2 . Commonly cited problems are shown in Table 2 .
A significant finding was that none of the doctors was given any help or advice regarding their deficiency by their tutors. A doctor who was unable to read writings in red chalk on a blackboard recounted that no one, whether teacher or student, offered an obvious explanation for his difficulty.
Only one respondent reported receiving help from an examiner during a histology examination. Tocantins et al identified nine medical students with CVD in a class of 70, and assessed their skills in microscopy 18 . When identifying Gram negative and acid-fast bacteria and eosinophils, all of these students made many mistakes compared to their classmates with normal colour vision.
Michigan State University found a way to circumvent such a problem by providing CVD students with computer monitors adjusted to grayscale, as well as grayscale copies of color photomicrographs of histology slides. Rubin found that grayscale images emphasise the texture and the contrasts between tissues 19 . Thus, students learn to compensate for their deficiency by focusing on cell and tissue structure rather than on colour variation. Grayscale photomicrographs also benefit students with normal color vision by encouraging them to consider structural characteristics of cells and tissues, instead of only focusing on stain colors.
Another solution proposed by Landini is to digitally enhance haematoxylin-and eosin-stained (H&E) histology images 20 . This involves either (1) rotating and stretching the range of H&E hues to span the perceptual range of those with CVD or (2) digitally un-mixing the original dyes into two separate images and repositiong the information into hues that are more distinguishable. When compared against the original H&E-stained images, 90% and 73% of students with CVD could better interpret the images using the 1st and 2nd methods of digitally enhanced preparations respectively.
In a survey of 155 medical students with CVD by Burke, a common refrain was that they did not get advice and support to help them deal with their problems with colours 21 . Seventy-four percent said it would be useful in their future careers to have a full colour vision assessment to know the type of defect and severity.
Effect of CVD on physical examination and clinical practice
Studies done on general practitioners (GPs) and personal accounts of doctors reveal that many face difficulties in the detection of physical signs on examination. Spalding conducted a qualitative study on 40 doctors (38 males, two females) with CVD, of whom 37 were GPs 2 . The range of difficulties reported is shown in Table 2 .
To overcome their difficulties, 17 doctors reported close observation and cross-checking, seven doctors asked for the help of others and four doctors placed greater importance on the history of patients. A doctor shared his experience of nearly missing a hyphaema but managing to diagnose it by noticing the line of the blood-fluid level. Another felt that he had put a patient's life at risk by misdiagnosing haematemesis as bile.
Most of the doctors felt that their CVD had little or no significance on their work. According to the study by Spading 2 , only eight doctors felt that the defect was significant, and that they should not practice in certain specialties such as histology, haematology,
Difficulties faced by students in their education Number
Microscopy 12
Histology 9
Clinical examination: general, cyanosis, dermatology, erythema 7
Teaching methods: blackboards, overhead projectors, diagrams and charts 7 Table 3 . Percentage of respondents reporting photograph as 'normal' and their reporting confidence.
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Campbell et al produced a subsequent study on 46 GPs (23 with CVD) using a similar mode of assessment via colour photographs showing clinical signs 24 . They came to a similar conclusion that GPs with CVD showed less ability and less confidence compared to their colleagues with normal colour vision when reporting on colour signs in clinical photographs. Responses of GPs with CVD were significantly different from the control group when describing red rash such as cholinergic urticaria (p=0.004), erythema nodosum (p<0.001), rubella (p<0.001); and detecting jaundice of the skin (p=0.003) and sclera icterus (p=0.002). However, responses were not significantly different for photographs depicting conjunctival pallor, retinal haemorrhages, tympanic inflammation and haematuria.
The assessment of colour-coded stick testing of blood glucose levels proved to be a problem for GPs with CVD. In Campbell's study of 51 doctors (23 with CVD), 100% of controls and 65% of cases (GPs with CVD) showed accurate colour matching to blood glucose level equivalent of 1 mmol/L 25 . Those with inaccurate colour matching were all noted to have severe CVD. Performance of those with severe CVD was significantly different from that of controls when colour matching for blood glucose level equivalents of 1 mmol/L (p=0.0005) and 6 mmol/L (p=0.007 
Effect of CVD on medical specialists
Despite studies reporting that histopathologists with CVD were disadvantaged when examining slides, personal accounts from doctors seemed to refute such findings. Poole et al studied the skills of 132 histopathologists (13% with CVD) using 20 projected transparencies of histopathology slides with various staining methods 11 . Mean scores between case studies (doctors with CVD) and the control group (doctors with normal colour vision) were significantly different at 8.6 and 9.6 respectively (p<0.0001). Mean scores for those with slight, moderate and severe CVD were 9.6, 8.6 and 7.1 respectively (p<0.001 between all three groups). This illustrated that number of errors made corresponded to the severity of CVD. A similar conclusion was reached by Rigby et al, in their study of 30 histopathologists, who recommended routine eye screening for aspiring histopathologists 17 .
However, Goudie claimed that CVD was a minor handicap to a career in histopathology 26 . Having been aware of his severe red-green colour deficiency, he was able to resolve any difficulties he had with colours during histological preparations by consulting his colleagues. He was further supported by an anonymous editorial in the Lancet which argued that the routine staining method in diagnostic histopathology of haematoxylin and eosin, results in a limited range of colours from dark blue to bright red 27 . Those with congenital CVD do not generally confuse blue and red. Furthermore, structure and staining density from light to dark are much more important than colour differences in histological diagnosis.
The impact of CVD on gastroenterologists seemed unequivocal as seen in a study of 121 male Dutch gastroenterologists, where 8% had CVD. Koningsberger assessed their endoscopic diagnostic skills via video fragments of endoscopies showing various medical conditions 10 . A statistically significant difference (p=0.04) was detected in only one out of the nine video excerpts shown. However, the video showed a green pea which could not be mistaken for a polyp during polypectomy. Any foreign object resembling a polyp would move away at the first attempt to remove it by endoscopic manipulation. Hence, the authors concluded that CVD had no impact on endoscopic diagnostic skills.
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During his surgical internship, Wiegersma, an epidemiologist, shared that he 'had great difficulty in discerning where, during surgical procedures, muscle fibres ended and tendon fibres started' 28 . He could not identify the difference in colour and 'the same thing applied to other structures' . This deterred him from becoming a surgeon.
As a neurologist with deuteranopia, Currier had not encountered any serious problems in the practice of neurology 29 . However during lectures, he had problems detecting the red laser beam pointer on white screens, reading dark red or purple lettering on blackboards or slides, and distinguishing graphs of dark colours. Detecting cyanosis or anaemia and distinguishing red from black stools were other things he struggled with.
Effect of CVD on dentistry education and dental practice
Colour vision deficiency has also been shown to affect the ability of dentists in appropriate shade matching and selection. Davison studied 343 dental students and faculty staff members at the University of Maryland Dental School and found that those with CVD made significantly more errors in matching hue (p=0.00001) and chroma (p=0.0046), which represented colour and saturation of teeth respectively 30 .
This was corroborated by Gokce who compared the shade matching performance of 12 normal colour vision and 12 CVD dental professionals of Gulhane Military Medical Academy, Turkey 31 . The correct shade matching percentage of those with CVD (30.73%) was significantly lower (p<0.005) than those with normal colour vision (63.02%).
Barna et al similarly reported that CVD dentists had significantly poorer colour discrimination abilities, with only 13% correct responses compared to 44% for the control group (p<0.01) 32 . He further suggested training additional personnel to assist in the selection of tooth shades and to screen prospective dental students for CVD. These results were further supported by Curd, who found a significant difference (p=0.04) in the mean scores of students with CVD (8.9) and the control group (10.4) 33 .
Borbély carried out a study on 31 dental students with normal colour vision and found that computersimulated severe CVD mode resulted in significantly worse colour matching ability compared to normal color vision mode (p<0.05) 34 . However, after undergoing training with Toothguide Trainer (TT), a computer program used as a teaching-learning aid for tooth shade selection, there was significant improvement in the ability of dental students with computer-simulated CVD to match shades (p=0.009). Hence, this suggests the possibility of improving shade matching abilities of CVD dental professionals through training with the Toothguide Trainer.
DISCUSSION
The results show that colour vision deficiency (CVD) can pose potential problems in the practice of medicine and dentistry. The various difficulties encountered by medical students and physicians of various specialties explored in this paper have been summarized in Table 2 . Thus far, such problems have been minimally acknowledged. This may be due to the lack of awareness of those affected with CVD and perhaps, the lack of an audit on physicians 23 . There is also the apparent conflicting evidence on the impact of CVD, arising from differences in the severity of deficiency and the differing demands of various specialties 23 .
This raises the issue on the nature of advice that should be given to young people with CVD contemplating a career in medicine. Medical errors and serious adverse consequences for patients are potential risks for clinicians who are unable to detect pertinent physical signs of illness due to CVD 35 . There are instances when observation of colour is pivotal to clinical diagnosis and management, such as detecting jaundice, cyanosis, haematuria or haematochezia 22 . As of today, no medical course excludes students with CVD, with the possible exception of a Taiwanese medical college 8 . Medical schools in Japan previously rejected applicants with CVD up till the late 1980s, when ophthalmologist and activist Yasuyo Takayanagi campaigned for the removal of such restrictions 36, 37 .
In spite of studies reporting errors made by physicians due to their CVD, it is not clear how often errors occur and how serious they are. In the clinical setting, medical errors are not uncommon and may arise due to various causes, ranging from personal fatigue to flaws in system processes . The approach to minimise errors is to recognise them, identify their cause and find ways to avoid recurrence. Medical practitioners with CVD may minimise errors by their choice of specialty, relying Proceedings of Singapore Healthcare  Volume 23  Number 2  2014 on sources of information that do not depend on colour and making sure the environment is conducive for proper physical examinations, such as proper lighting 35 . Detecting colour cues in clinical practice is one step in the complex process of establishing the diagnosis of patients. Proper history taking is another valuable source of information for physicians in guiding diagnosis and management 38 . Clinicians and dentists can rely on various visual cues and instruments to aid them 39 , such that CVD does not become a handicap in their medical and dental profession. Thus, what is more crucial is that the competency of these affected professionals is not compromised. Further research studies should be designed to objectively determine the clinical competency of medical and dental professionals with CVD in their routine medical and dental practices.
With accumulation of experience, doctors tend to rely more on intuition when making decisions, while medical students are more likely to use analysis 40 . Therefore, students are at a stage where they would be more receptive to advice about their CVD and its effects on their work. They would anticipate and prepare for the challenges that CVD may potentially interfere with their area of work. Hence, the relevance of screening medical students for CVD before entering medical school should not be ignored. Screening would enable students, and future doctors, to be aware of limitations in their observational skills and to be better equipped to devise ways of overcoming them. As a result, confidence may be gained and anxiety avoided. It allows these students to make informed career choices. Importantly, patients are protected from harm when doctors have adapted their practice to cope with their deficiency 7 .
CONCLUSION
This literature review shows that CVD poses a challenge to both medical and dental undergraduates and the careers of qualified medical and dental professionals. Early colour vision screening for medical and dental students would result in early recognition of their limitations and allow time for devising coping strategies, such that informed career choices can be made and CVD does not become a handicap.
